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ELECTROLYTE FOR RECHARGEABLE
LITHIUM BATTERY, AND RECHARGEABLE
LITHIUM BATTERY INCLUDING SAME

CROSS-REFERENCE TO RELATED
APPLICATION AND CLAIM OF PRIORITY

This application claims priority to and the benefit of
Korean Patent Application No. 10-2006-0114607 filed in the
Korean Intellectual Property Office on Nov. 20, 2006, the
entire content of which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

(a) Field of the Invention

The present invention relates to an electrolyte for a
rechargeable lithium battery and a rechargeable lithium bat-
tery including the same. More preferably, the present inven-
tion relates to an electrolyte for a rechargeable lithium battery
that shows excellent output characteristics due to a resistance
reduction at a low temperature and a rechargeable lithium
battery including the same.

(b) Description of the Related Art

In recent times, due to reductions in size and weight of
portable electronic equipment, there has been a need to
develop batteries for use in the portable electronic equipment,
where the batteries have both high performance and large
capacity. Furthermore, it is required that such batteries be
produced in a cost effective manner and have improved
safety.

Batteries are generally classified as primary batteries,
which can be used only once and are then disposed of, and
rechargeable batteries, which can be recharged and used
repeatedly. Primary batteries include manganese batteries,
alkaline batteries, mercury batteries, and silver oxide batter-
ies. Rechargeable batteries include lead-acid storage batter-
ies, nickel-metal hydride (Ni-MH) batteries, sealed nickel-
cadmium batteries, lithium metal batteries, lithium ion
batteries, lithium polymer batteries, and lithium-sulfur bat-
teries.

Such batteries generate electric power using an electro-
chemical reaction material (referred to hereinafter simply as
the “active material”) for a positive electrode and a negative
electrode. Important factors for determining battery perfor-
mance, such as capacity, cycle-life, power, safety, and reli-
ability, include the electrochemical characteristics and the
thermal stability of the active material used. Thus, extensive
research has been undertaken to improve these factors of
positive and negative active materials.

Of the currently available active materials for the negative
electrode of the battery, lithium metal has a high electrical
capacity per unit mass and high electro-negativity. Thus,
lithium metal can be well adapted for use in producing high
capacity and high voltage battery cells. However, since it is
difficult to assure the safety of a battery using the lithium
metal, other materials that can reversibly deintercalate and
intercalate lithium ions are being used extensively for the
active material of the negative electrodes in rechargeable
lithium batteries.

Lithium rechargeable batteries generate electrical energy
from changes of chemical potential during the intercalation/
deintercalation of lithium ions at the positive and negative
electrodes. Lithium rechargeable batteries use materials that
reversibly intercalate or deintercalate lithium ions during
charge and discharge reactions for both positive and negative
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active materials, and contain an organic electrolyte or a poly-
mer electrolyte between the positive electrode and the nega-
tive electrode.

The electrolyte includes, for example, a cyclic carbonate
having a high dielectric constant such as propylene carbonate,
ethylene propylene carbonate, and so on, or a linear carbonate
having low viscosity such as diethyl propylene carbonate,
methylethyl propylene carbonate, dimethyl carbonate, and so
on, and mixed solvents thereof.

Such an electrolyte may be decomposed on a surface of an
electrically active electrode, and the internal resistance of a
battery may be increased by the electrolyte decomposition.
Accordingly, charge and discharge characteristics of a battery
may be deteriorated and cycle-life is shortened. There has
been a need for an electrolyte having excellent cell loading
characteristics, low temperature characteristics, charge and
discharge cycle characteristics, storage characteristics at high
temperature, and so on.

The above information disclosed in this Background sec-
tion is only for enhancement of understanding of the back-
ground of the invention and therefore it may contain infor-
mation that does not form the prior art that is already known
in this country to a person of ordinary skill in the art.

SUMMARY OF THE INVENTION

One embodiment of the present invention provides an elec-
trolyte for a rechargeable lithium battery that shows excellent
output characteristics due to reduced resistance at a low tem-
perature.

Another embodiment of the present invention provides a
rechargeable lithium battery including the electrolyte.

According to an embodiment of the present invention,
provided is an electrolyte for a rechargeable lithium battery
that includes a compound represented by the following For-
mula 1; a lithium salt; and a non-aqueous organic solvent.

A[OSI(C,, Hs,ni )33 [Chemical Formula 1]

wherein A is P or B, and m is an integer ranging from 0 to
6.

Examples of the compound represented by Formula 1
includes at least one selected from the group consisting of
tris(trimethylsilyl)phosphite, tris(triethylsilyl)phosphite, tris
(trimethylsilyl)borate, tris(triethylsilyl)borate, and mixtures
thereof.

The compound represented by Formula 1 is present in an
amount of 0.01 to 10 wt % based on the total weight of the
electrolyte.

According to an embodiment of the present invention,
provided is a rechargeable lithium battery that includes the
electrolyte, a positive electrode including a positive active
material capable of reversibly intercalating and deintercalat-
ing lithium ions, and a negative electrode including a negative
active material capable of reversibly intercalating and
deintercalating lithium ions.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention, and many
of the attendant advantages thereof, will be readily apparent
as the same becomes better understood by reference to the
following detailed description when considered in conjunc-
tion with the accompanying drawings in which like reference
symbols indicate the same or similar components.

FIG. 1 is a schematic cross-sectional view of a recharge-
able lithium battery according to one embodiment of the
present invention.



US 7,494,746 B2

3

FIG. 2 is a graph showing measurement results of alternat-
ing-current impedance (ACI) of cells including the electro-
lytes according to Examples 1-3 and 5, and Comparative
Example 1.

FIG. 3 is a graph showing measurement results of ACI of
cells including the electrolytes according to Examples 6-10,
and Comparative Example 1.

FIG. 4 is a graph showing measurement results of direct-
current internal resistance (DCIR) of cells including the elec-
trolytes according to Examples 1-3 and 5, and Comparative
Example 1.

FIG. 5 is a graph showing measurement results of DCIR of
cells including the electrolytes according to Examples 6-10,
and Comparative Example 1.

FIG. 6 is a graph showing measurement results of ACI at a
low temperature of cells including the electrolytes according
to Examples 4 and 8, and Comparative Examples 1 and 2.

FIG. 7 is a graph showing measurement results of DCIR at
a low temperature of cells including the electrolytes accord-
ing to Examples 4 and 8, and Comparative Examples 1 and 2.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

It is important to improve the output characteristic at a low
temperature as well as the cycle-life characteristic in order to
commercialize a high capacity battery. Particularly, the
rechargeable lithium battery including an ethylene carbonate-
based electrolyte solution system has a problem of a very low
output characteristic at a low temperature. The output char-
acteristic at a low temperature is affected by a solid electrolyte
interphase (SEI) layer formed on the surface of an electrode
plate due to the decomposition of ethylene carbonate rather
than by the ionic conductivity of the electrolyte solution.

According to one embodiment of the present invention,
since the electrolyte solution of the rechargeable lithium bat-
tery includes an additive of a phosphite-based or borate-based
compound, it decreases the low temperature resistance at the
low temperature of an SEI layer formed on the surface of the
electrode plate to provide a high capacity battery.

The electrolyte according to one embodiment of the
present invention includes a compound represented by the
following Formula 1, a lithium salt, and a non-aqueous
organic solvent:

A[OSI(C,, Hs,i )33 [Chemical Formula 1]

wherein A is P or B, and m is an integer ranging from 0 to
6.

Examples of the compound represented by Formula 1
include at least one selected from the group consisting of
tris(trimethylsilyl)phosphite, tris(triethylsilyl)phosphite, tris
(trimethylsilyl)borate, tris(triethylsilyl)borate, and mixtures
thereof. According to another embodiment, tris(trimethylsi-
lyl)borate may be appropriate because it can produce lithium
borate having high conductivity.

The compound represented by Formula 1 is decomposed
earlier than the organic solvent at a high rate discharge at a
low temperature, and forms an SEI layer including an element
A and Sionthe surface of the negative electrode to prevent the
organic solvent from decomposing. Further, the SEI layer
formed on the surface of the negative electrode allows lithium
ions to be intercalated on the surface of the electrode.
Thereby, the internal resistance is decreased to improve the
electrochemical characteristic of the battery.

The compound represented by Formula 1 is present in an
amount of 0.01 to 10 wt % based on the total weight of the
electrolyte. According to another embodiment, the com-
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pound represented by Formula 1 is present in an amount of
0.01 to 5 wt % based on the total weight of the electrolyte.
According to yet another embodiment, the compound repre-
sented by Formula 1 is present in an amount of 0.3 to 3 wt %
based on the total weight of the electrolyte.

When the amount of the compound represented by For-
mula 1 is less than 0.01 wt %, it is hard to provide a sufficient
resistance reduction effect at a low temperature. On the other
hand, when it is more than 10 wt %, CO, generated from the
decomposition of the compound represented by Formula 1
may deteriorate battery capacity, cycle-life stability, and
cycle characteristic.

The lithium salt is dissolved in the non-aqueous organic
solvent to supply lithium ions in the battery. It may facilitate
a basic operation of a rechargeable lithium battery, and it
allows transmission of lithium ions between positive and
negative electrodes.

Non-limiting examples of the lithium salt include at least
one selected from the group consisting of LiPF,, LiBF,,
LiSbF,, LiAsF,, LiClO,, LiCF,SO;, LiC,F,SO;), LiN
(CF;80,),, LiN(C,F580,),, LiAlO,, LiAICL,, LiN(C,F,,,,
180,)(C,F,,,,S0,) (where p and q are natural numbers),
LiSO,CF;, LiCl, and Lil.

The lithium salt may be used at a 0.7 to 2.0M concentra-
tion. When the lithium salt concentration is less than 0.7M,
electrolyte performance may be deteriorated due to low elec-
trolyte conductivity, whereas when it is more than 2.0M,
lithium ion mobility may be reduced due to an increase of
electrolyte viscosity.

In the electrolyte, the non-aqueous organic solvent acts as
a medium for transmitting ions taking part in the electro-
chemical reaction of the battery.

The non-aqueous organic solvent may include a carbonate-
based, ester-based, ether-based, or ketone-based solvent.
Examples of the carbonate-based solvent may include dim-
ethyl carbonate (DMC), diethyl carbonate (DEC), dipropyl
carbonate (DPC), methylpropyl carbonate (MPC), ethylpro-
py! carbonate (EPC), methylethyl carbonate (MEC), ethylm-
ethyl carbonate (EMC), ethylene carbonate (EC), propylene
carbonate (PC), butylene carbonate (BC), y-butyrolactone
(y-BL), and so on. Examples of the ester-based solvent may
include n-methyl acetate, n-ethyl acetate, n-propyl acetate,
dimethylacetate, methylpropionate, ethylpropionate,
decanolide, valerolactone, mevalonolactone, caprolactone,
and so on. Examples of the ether-based solvent include dibu-
tyl ether, tetraglyme, diglyme, dimethoxyethane, 2-meth-
yltetrahydrofuran, tetrahydrofuran, and so on. Examples of
the ketone-based solvent include cyclohexanone and so on.

The non-aqueous organic solvent may be used singularly
or in a mixture comprised of two or more solvents. When the
organic solvent is used in a mixture, a mixture ratio may be
controlled in accordance with a desirable battery perfor-
mance.

The carbonate-based solvent may include a mixture of a
cyclic carbonate and a linear carbonate. The cyclic carbonate
includes, for example, at least one of ethylene carbonate,
butylene carbonate, propylene carbonate, y-butyrolactone,
and the like. The cyclic carbonate can easily solvate lithium
ions, and thereby can increase ion conductivity of the elec-
trolyte.

The linear carbonate includes, for example, at least one of
dimethyl carbonate (DMC), diethyl carbonate (DEC), dipro-
py! carbonate (DPC), methylpropyl carbonate (MPC), ethyl-
propyl carbonate (EPC), methylethyl carbonate (MEC), and
the like. The linear carbonate has low viscosity and reduces
viscosity of the electrolyte resulting in an increase of ion
conductivity. However, since the linear carbonate has a low
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flash point, it may lower a flash point of the electrolyte if
added in an excessive amount. The cyclic carbonate and the
linear carbonate are mixed together in a volume ratio of 1:1 to
1:9, and when the mixture is used as an electrolyte, the elec-
trolyte performance may be enhanced.

According to another embodiment of the present invention,
the electrolyte of the present invention may include mixtures
of'carbonate-based solvents and aromatic hydrocarbon-based
solvents. The carbonate-based solvents and the aromatic
hydrocarbon-based solvents are preferably mixed together in
the volume ratio of 1:1 to 30:1.

The aromatic hydrocarbon-based organic solvent may be
represented by the following Formula 2.

[Chemical Formula 2]

Ry

Rs R;

R4

wherein R, to R are independently selected from the group
consisting of hydrogen, a halogen, a C1 to C10 alkyl, a
haloalkyl, and combinations thereof.

The aromatic hydrocarbon-based organic solvent may
include, but is not limited to, at least one selected from the
group consisting of benzene, fluorobenzene, 1,2-difluoroben-
zene, 1,3-difluorobenzene, 1,4-difluorobenzene, 1,2,3-trif-
luorobenzene, 1,2,4-trifluorobenzene, chlorobenzene, 1,2-

dichlorobenzene, 1,3-dichlorobenzene, 1,4-
dichlorobenzene, 1,2,3-trichlorobenzene, 1,2,4-
trichlorobenzene, iodobenzene, 1,2-diiodobenzene, 1,3-
diiodobenzene, 1,4-diiodobenzene, 1,2,3-triiodobenzene,

1,2,4-triiodobenzene, toluene, fluorotoluene, 1,2-difluoro-
toluene, 1,3-difluorotoluene, 1,4-difluorotoluene, 1,2,3-trif-
luorotoluene, 1,2,4-trifluorotoluene, chlorotoluene, 1,2-
dichlorotoluene, 1,3-dichlorotoluene, 1,4-dichlorotoluene,
1,2,3-trichlorotoluene, 1,2,4-trichlorotoluene, iodotoluene,
1,2-diiodotoluene, 1,3-diiodotoluene, 1,4-diiodotoluene, 1,2,
3-triiodotoluene, 1,2,4-triiodotoluene, xylene, and combina-
tions thereof.

The electrolyte may further include an additive that can
improve cell characteristics. According to an embodiment of
the present invention, the additive includes an ethylene car-
bonate-based compound of the following Formula 3 in order
to improve safety of a battery.

[Chemical Formula 3]

wherein X andY are independently selected from the group
consisting of hydrogen, a halogen, a cyano (CN), a nitro
(NO,), and a fluorinated C1 to C5 alkyl, and at least one of X
and Y is selected from the group consisting of a halogen, a
cyano (CN), a nitro (NO,), and a fluorinated C1 to C5 alkyl.

Examples of the ethylene carbonate-based compound
include, but are not limited to, at least on selected from the
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group consisting of ethylene carbonate, fluoroethylene car-
bonate, difluoroethylene carbonate, chloroethylene carbon-
ate, dichloroethylene carbonate, bromoethylene carbonate,
dibromoethylene carbonate, nitroethylene carbonate, cyano-
ethylene carbonate, and mixtures thereof. According to one
embodiment, fluoroethylene carbonate may be appropriate.

The amount of the ethylene carbonate-based additive is not
particularly limited, and can be added in an appropriate
amount to implement battery safety.

The electrolyte may further include a monomer and a poly-
merization initiator that are generally used in a conventional
polymer electrolyte.

The electrolyte affects surface chemical characteristics of
an electrode at high rate discharging at a low temperature and
can thereby reduce resistance at the interface between a posi-
tive electrode and the electrolyte, and at the interface between
a negative electrode and the electrolyte, and internal resis-
tance of a cell. Resultantly, a reduction of lithium ion con-
ductivity in accordance with a cell thickness increase can be
suppressed and thereby battery output at a low temperature
can be improved.

The electrolyte for a rechargeable lithium battery accord-
ing to the embodiment of the present invention can be stable
within a temperature range of about —40 to about 60° C., and
shows stable characteristics at 4V. The electrolyte can be
applicable to all rechargeable lithium batteries such as a
lithium ion battery, a lithium polymer battery, and so on.

The electrolyte is prepared by adding a lithium salt and the
additive to a non-aqueous organic solvent. The additive can
be added to a lithium salt dissolved in an organic solvent, but
the addition order of the lithium salt and the additive is not
specifically limited.

According to another embodiment, a rechargeable lithium
battery including the electrolyte is provided.

The rechargeable lithium battery includes the electrolyte, a
negative electrode including a negative active material, and a
positive electrode including a positive active material.

Rechargeable lithium batteries may be classified as lithium
ion batteries, lithium ion polymer batteries, and lithium poly-
mer batteries according to the presence of a separator and the
kind of electrolyte used in the battery. The rechargeable
lithium batteries may be formed a variety of shapes and sizes,
including cylindrical, prismatic, and coin-type batteries.
They may be a thin film battery or be rather bulky in size.
Structures and fabricating methods for lithium ion batteries
pertaining to the present invention are well known in the art.

FIG. 1 shows a structure of a rechargeable lithium battery
according to one embodiment of the present invention.

As shown in FIG. 1, the rechargeable lithium battery 3 is
fabricated by providing an electrode assembly including a
positive electrode 5 and a negative electrode 6 with a separa-
tor 7 interposed between the positive electrode 5 and negative
electrode 6, inserting the electrode assembly 4 into a case 8,
injecting an electrolyte solution into the upper part of the case
8, and sealing the same with a plate 11 and a gasket 12.

The negative electrode includes a current collector and a
negative active material layer including a negative active
material disposed on the current collector.

The negative active material may include at least one
selected from the group consisting of a material being capable
of reversibly forming a compound. Examples of the negative
active material include a carbonaceous material such as arti-
ficial graphite, natural graphite, graphitized carbon fiber,
graphitized mesocarbon microbeads, amorphous carbon, and
so on. For the negative active material, a metal being capable
of alloying lithium or a composite of a metal and a carbon-
aceous material can be used. The metal being capable of
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alloying lithium includes Al, Si, Sn, Ge, Pb, Zn, Ag, Bi, In,
Mg, Ga, Cd, Ti, and so on. A lithium metal foil can be also a
negative active material.

The negative active material can be included in an amount
of'1 to 99 wt % based on the total weight of the negative active
material layer. According to one embodiment, the negative
active material can be included in an amount of 10 to 98 wt %
based on the total weight of the negative active material layer.
When the amount of the negative active material is out of the
range, capacity may be deteriorated or a relative amount of a
binder may be reduced resulting in low adherence between
the negative active materials and the current collector.

The negative electrode may be fabricated by a method
including mixing the negative active material, a binder, and
optionally a conductive agent to provide a composition, and
coating the composition on a current collector such as copper
for the negative electrode. The negative electrode manufac-
turing method is well known, and thus is not described in
detail in the present specification.

Examples of the binder include, but are not limited to,
polyvinylalcohol, carboxylmethylcellulose, hydroxypropyl-
cellulose, diacetylenecellulose, polyvinylchloride, polyvi-
nylpyrrolidone, polytetrafluoroethylene, polyvinylidene
fluoride, polyethylene, and polypropylene.

Any electrically conductive material may be used as a
conductive agent unless it causes any chemical change.
Examples of the conductive agent include natural graphite,
artificial graphite, carbon black, acetylene black, ketjen
black, carbon fiber, a metal powder or a metal fiber including
copper, nickel, aluminum, silver, and so on, a polyphenylene
derivative, or combinations thereof.

The solvent can be N-methylpyrrolidone, but it is not lim-
ited thereto.

The current collector may be a copper foil, a nickel foil, a
stainless steel foil, a titanium foil, a nickel foam, a copper
foam, a polymer substrate coated with a conductive metal, or
combinations thereof.

The positive electrode includes a positive active material
that includes a lithiated intercalation compound that is
capable of reversibly intercalating and deintercalating
lithium. The positive active material includes a composite
oxide including lithium and a metal selected from the group
consisting of cobalt, manganese, nickel, and combinations
thereof, and is more specifically exemplified by compounds
of the following Formulas 4 to 28.

LiA;BsD;
wherein, in Formula 4, 0.95=a=1.1 and 0=b=0.5.
Li By B0, F.

wherein, in Formula 5, 0.95=a=1.1, 0=b=0.5, and
0=c=0.05.

LiCo, ,0, .F

[Chemical Formula 4]

[Chemical Formula 5]

; [Chemical Formula 6]

wherein, in Formula 6, 0=b=0.5 and 0=c=0.05.
LiMn, 0, F.

wherein, in Formula 7, 0=b=0.5 and 0=c=0.05.

Li,Ni, , .Co,B.D,

[Chemical Formula 7]

[Chemical Formula 8]

wherein, in Formula 8, 0.95=a=1.1, 0=b=0.5,
0=c¢=0.05, and 0<a.=2.

Li Ni;_ 5 .C005 Fe [Chemical Formula 9]

wherein, in Formula 9, 0.95=a=1.1, 0=b=0.5,

0=¢=0.05, and 0<a.<2.

Li Ni; 5 .C0,05_ F> [Chemical Formula 10]
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wherein, in Formula 10, 0.95=a=1.1, 0=b=0.5, and

0=c=0.05.
Li Ni; 5 Mn,B.D, [Chemical Formula 11]

wherein, in Formula 11, 0.95=a=1.1, 0=b=0.5,

0=c¢=0.05, and O<a.=2.
LigNij 5 . Mnp05 o Fo

wherein, in Formula 12, 0.95=a=1.1,
0=c=0.05, and 0<a<2.

LigNiy 5. Mnp05 o

wherein, in Formula 13, 0.95=a=1.1, 0=b=0.5, and
0=c=0.05.

Li,Ni,E,G,0,

wherein, in Formula 14, 0.90=a=1.1,
0=c=0.5, and 0.001=d=0.1.

Li,Ni,Co Mn,G,0,

[Chemical Formula 12]
0=b=0.5,

[Chemical Formula 13]

[Chemical Formula 14]
0=b=0.9,

[Chemical Formula 15]

wherein, in Formula 15, 0.90=a=1.1, 0=b=0.9,
0=c=0.5, 0=d=0.5, and 0.001 =e=0.1.

Li,NiB,O, [Chemical Formula 16]
wherein, in Formula 16, 0.90=a=1.1 and 0.001=b=0.1.
Li,CoG,0, [Chemical Formula 17]
wherein, in Formula 17, 0.90=a=1.1 and 0.001=b=0.1.
Li,MnG,0, [Chemical Formula 18]
wherein, in Formula 18, 0.90=a=1.1 and 0.001=b=0.1.
Li,Mn,G,0, [Chemical Formula 19]
wherein, in Formula 4, 0.90=a=1.1 and 0.001=b=0.1.
HO.,. [Chemical Formula 20]
HS,. [Chemical Formula 21]
LiHS.,. [Chemical Formula 22]
V,0s. [Chemical Formula 23]
LiV,0s. [Chemical Formula 24]
LilO,. [Chemical Formula 25]
LiNiVO,. [Chemical Formula 26]

Liz o5(POy); (0=£=3). [Chemical Formula 27]

LisFex(PO,); (0=/=2),

In the above Formulas 4 to 28, A is selected from the group
consisting of Ni, Co, Mn, and combinations thereof; B is
selected from the group consisting of Al, Ni, Co, Mn, Cr, Fe,
Mg, Sr, V, a rare earth element, and combinations thereof; D
is selected from the group consisting of O, F, S, P, and com-
binations thereof; E is selected from the group consisting of
Co, Mn, and combinations thereof; F is selected from the
group consisting of F, S, P, and combinations thereof; G is
selected from the group consisting of Al, Cr, Mn, Fe, Mg, La,
Ce, Sr, V, lanthanide element, and combinations thereof; Q is
selected from the group consisting of Ti, Mo, Mn, and com-
binations thereof; [ is selected from the group consisting of
Cr, V, Fe, Sc, Y, and combinations thereof; and J is selected
from the group consisting of V, Cr, Mn, Co, Ni, Cu, and
combinations thereof.

The positive active material may be at least one selected
from the group consisting of elemental sulfur (Sg), and a
sulfur-based compound such as L1,S,,(n=1),Li,S ,(n=1) dis-

[Chemical Formula 28]
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solved in a catholyte, an organic sulfur compound, or a car-
bon-sulfur polymer ((C,S)),: {=2.5 to 50, n=2).

The positive electrode can be fabricated as follows: a posi-
tive active material composition including the positive active
material, a binder, and optionally a conductive agent mixed in
a solvent is applied on a positive current collector such as
aluminum.

The electrolyte of the rechargeable lithium battery is the
same as described above.

As the electrolyte includes the compound represented by
Formula 1, itis decomposed earlier than the organic solvent at
the high rate discharge to form an SEI layer including an
element A and Si on the surface of the negative electrode.

The SEI film is formed on the surface of negative electrode
to prevent the negative electrode from directly contacting the
electrolyte. Accordingly, the reduction decomposition reac-
tion of the electrolyte is suppressed on the surface of the
negative electrode to decrease gas generation due to the
decomposition of electrolyte as well as to prevent the elec-
trolyte from undergoing self-deterioration. The gas genera-
tion is decrease so that the battery is not deformed and the
internal pressure thereof is not increased. Further, since the
electrolyte is not deteriorated, the amount of electrolyte is not
decreased and the charge and discharge reaction is easily
carried out. Thereby, the charge and discharge efficiency is
increased and the cycle characteristics are improved.

As the reaction between the electrolyte and the negative
electrode is suppressed, the electrolyte is not deteriorated
even if the battery cell is stored at a high temperature for a
long time. In addition, the charge and discharge efficiency and
the cycle characteristics are not deteriorated.

The-SEI film has excellent conductivity of lithium ions, as
well as functions of supplying lithium ions between the elec-
trolyte and the negative electrode. Accordingly, even though
the surface of the negative electrode is covered with the SEI
layer, it does not block supply of lithium ions. Thereby, the
charge and discharge reactions are easily performed to
increase the charge and discharge efficiency and to improve
the cycle characteristics. In addition, the charge and discharge
capacity is not remarkably deteriorated while the internal
impedance of the battery is not increased.

The rechargeable lithium battery generally includes a posi-
tive electrode, a negative electrode, and an electrolyte. The
battery may further include a separator as needed. The sepa-
rator may include any material used in conventional lithium
secondary batteries. Non-limiting examples of suitable sepa-
rator materials include polyethylene, polypropylene, polyvi-
nylidene fluoride, and multi-layers thereof such as a polyeth-
ylene/polypropylene double-layered separator, a
polyethylene/polypropylene/polyethylene three-layered
separator, and a polypropylene/polyethylene/polypropylene
three-layered separator.

The following examples illustrate the present invention in
more detail. These examples, however, should not in any
sense be interpreted as limiting the scope of the present inven-
tion.

EXAMPLES 1-10

1M LiPF¢ was added to a non-aqueous organic solvent in
which ethylene carbonate/ethylmethyl carbonate/dimethyl
carbonate (EC/EMC/DMC) were mixed at a volume ratio of
3/4/3, and then the compound represented by Formula 1 was
added thereto as shown in the following Table 1 to provide an
electrolyte solution.

TMSPi refers to tris(trimethylsilyl)phosphite and TMSB
refers to tris(trimethylsilyl)borate.
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TABLE 1

Compound represented by Formula 1~ Content (wt %)

Example 1 TMSPi 0.5
Example 2 TMSPi 1
Example 3 TMSPi 2
Example 4 TMSPi 3
Example 5 TMSPi 5
Example 6 TMSB 1
Example 7 TMSB 2
Example 8 TMSB 3
Example 9 TMSB 4
Example 10 TMSB 5

COMPARATIVE EXAMPLE 1

An electrolyte solution was prepared in accordance with
the same procedure as in above-mentioned examples, except
that the compound represented by Formula 1 was not added.

COMPARATIVE EXAMPLE 2

An electrolyte solution was prepared in accordance with
the same procedure as in Example 1, except that 5 wt % of
tris(trimethylsilyl)phosphate was used instead of the com-
pound in Example 1.

COMPARATIVE EXAMPLE 3

An electrolyte solution was prepared in accordance with
the same procedure as in Example 1, except that 1 wt %
TMSP was used instead of the compound in Example 1.

COMPARATIVE EXAMPLE 4

An electrolyte solution was prepared in accordance with
the same procedure as in Example 1, except that 2 wt %
TMSP was used instead of the compound in Example 1.

Production of Rechargeable Lithium Battery

A positive active material of LiCoO,, a binder of polyvi-
nylidene fluoride (PVDF), and a conductive agent of carbon
were mixed at a weight ratio of 92:4:4, then were dispersed in
N-methyl-2-pyrrolidone to provide a positive electrode
slurry. The provided slurry was coated on an aluminum foil at
a thickness of 20 pm, dried, and compressed to provide-a
positive electrode.

A negative active material of crystalline synthetic graphite,
and a binder of PVDF were mixed at a weight ratio of 92:8,
then dispersed in N-methyl-2-pyrrolidone to provide a nega-
tive electrode slurry. The provided slurry was coated on a 15
um copper foil, dried, and compressed to provide a negative
electrode.

A 25 pum polyethylene material was interposed between
these electrodes as a separator. They were spiral-wound, com-
pressed, and input in 30 mmx48 mmx6 mm prismatic cans,
then the electrolyte solutions prepared from Examples 1 to 10
and Comparative Examples 1 and 2 were respectively input
therein to provide 18650 coin-type battery cells.

Measurement for Resistance of Rechargeable Lithium Bat-
tery-Cell

Measurement of AC Impedance (Alternating-Current
Impedance: ACI)

Rechargeable lithium battery cells including the electro-
lytes according to Examples 1-3, 5-10 and Comparative
Example 1 were subjected to standing under an atmosphere of
a state of charge (SOC) of 60% at a temperature of =30° C. for
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6 hours, then measured to determine AC impedance while
scanning to 50 mHz-100 kHz. Herein, the amplitude of the
AC currentwas 10 mV, and the DC potential of the battery cell
was 3.74 V. The results are shown in FIGS. 2 and 3.

FIG. 2 is a graph showing measurement results of ACI of
cells including the electrolytes according to Examples 1-3
and 5, and Comparative Example 1, and FIG. 3 is a graph
showing measurement results of ACI of cells including the
electrolytes according to Examples 6-10 and Comparative
Example 1.

Referring to the graphs of FIGS. 2 and 3, the intersection
with the X axis is the Ohm resistance of the battery cell, and
the increasing and decreasing curve shows the resistance due
to the SEI formed on the surface of electrode plate. That is, the
smaller the curve, the more the resistance induced by the SEI.

As shown in FIGS. 2 and 3, battery cells including the
electrolytes including TMSPi according to Examples 1-3 and
5 and battery cells including the electrolytes including TMSB
according to Examples 6-10 show the SEI and the excellent
charge-transfer resistance reduction. Particularly, the resis-
tance reduction is most improved in the electrolyte including
5wt % TMPSi based on total weight of electrolyte according
to Example 5 and in the electrolyte including 3 wt % of TMSB
based on total weight of electrolyte according to Example 8.

2) Measurement of DC Internal Resistance (DCIR)

Rechargeable lithium battery cells including electrolytes
according to Examples 1-3, 5-10, and Comparative Example
1 were subjected to standing under the 60% SOC atmosphere
ata temperature of =30° C. for 6 hours, then discharged ata 5
C constant current discharge (discharge pulse current value: 1
A, pulse time: 2 seconds). The battery voltages were mea-
sured every 0.1 seconds. Herein, the DC potential of the
battery was 3.74V and the cut-off lower limit was 2V. The
results are shown in FIGS. 4 and 5.

FIG. 4 is a graph showing measurement results of direct-
current internal resistance (DCIR) of cells including the elec-
trolytes according to Examples 1-3 and 5, and Comparative
Example 1. FIG. 5 is a graph showing measurement results of
DCIR of cells including the electrolytes according to
Examples 6-10, and Comparative Example 1.

As shown in FIGS. 4 and 5, cells including electrolyte
including TMSPi according to Examples 1-3 and 5 and those
including TMSB according Examples 6-10 decreased the
voltage drop, which is anticipated to result in an excellent
output density. Particularly, the electrolyte including 5 wt %
or 3 wt % of TMSPi based on total weight of electrolyte
according to Example 5 or Example 3 and the electrolyte
including 3 wt % of TMSB based on the total weight of
electrolyte according to Example 8 had the best voltage drop
effect.

Measurement of Low Temperature Power (LT Power) of
Rechargeable Lithium Battery

Rechargeable lithium battery cells including electrolytes
according to Examples 5, 8, and Comparative Examples 1 and
2 were charged at —30° C., an initial voltage 0£3.74V, and a 5
C constant current discharge for 2 seconds, then measured for
the LT Power based on the low temperature discharge. The
results are shown in the following Table 2.

LT Power can be calculated from the following Equation 1.

PV iV oos™ Viim) (Voor= V),

wherein P refers to a low-temperature power, [ refers to a
current at 1 A, V,, . refers to a lower limit of 2V in cut-off
voltage, V., refers to open circuit voltage (3.74V) of cells at
the initial point of each discharge pulse, and V,, refers to
battery voltage at the end point of each pulse.
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TABLE 2

LT Power (W/cell)

Comparative Example 1 3.74
Comparative Example 3 4.58
Comparative Example 4 4.76
Example 2 4.97
Example 3 4.94
Example 6 4.90
Example 7 5.35

As shown in Table 2, rechargeable lithium battery cells
including the compounds according to Examples 2, 3, 6, and
7 show more increased output characteristics than that includ-
ing no additives according to Comparative Example 1 and
those including TMSP according to Comparative Examples 3
and 4. Particularly, the rechargeable lithium battery cell
including the electrolyte including 2 wt % of TMSB accord-
ing to Example 7 had the most improved output characteris-
tic.

Rechargeable lithium battery cells including electrolytes
according to Examples 4, 8, and Comparative Examples 1 and
2 were discharged at —=30° C., an initial voltage 0f3.74V, and
a 5 C constant current, and measured for ACI and DCIR in
accordance to the same procedure as above. The results are
shown in FIGS. 6 and 7.

FIG. 6 is a graph showing measurement results of LT ACI
of cells including the electrolytes according to Examples 4
and 8, and Comparative Examples 1 and 2. FIG. 7 is a graph
showing measurement results of LT DCIR of cells including
the electrolytes according to Examples 4 and 8, and Com-
parative Examples 1 and 2.

As shown in FIGS. 6 and 7, rechargeable lithium battery
cells including the compounds according to Examples 4 and
8 had decreased internal resistance and increased output den-
sity compared to that including the electrolyte including no
additives according to Comparative Example 1.

The cell including TMSPi according to Example 4 showed
relatively excellent internal resistance and output character-
istics, but had relatively high resistance and low output den-
sity compared to the cell including the electrolyte including
TMSP according to Comparative Example 2. On the other
hand, the cell including TMSB according to Example 8 had
superior internal resistance and output characteristics to those
of the cell including TMSP according to Comparative
Example 2.

The electrolyte according to one embodiment of the
present invention is decomposed at a high rate discharge at a
low temperature earlier than an organic solvent, so it is pos-
sible to provide an SEI layer on the surface of the negative
electrode. Thereby, decomposition of the organic solvent is
suppressed. The SEI layer formed on the surface of the nega-
tive electrode facilitates lithium ion intercalation on the sur-
face of the negative electrode so that the internal resistance of
the battery is decreased to improve the electrochemical char-
acteristics of the battery. The rechargeable lithium battery
including the electrolyte has an excellent cycle-life charac-
teristic, temperature characteristic, and high rate discharge
characteristic as well as charge and discharge characteristic.

While this invention has been described in connection with
what is presently considered to be practical exemplary
embodiments, it is to be understood that the invention is not
limited to the disclosed embodiments, but, on the contrary, is
intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims.
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What is claimed is:

1. An electrolyte for a rechargeable lithium battery, com-
prising:

a compound represented by Formula 1:

A[OSI(C, Hopr1)3]3 M

wherein A is P, and m is an integer ranging from O to 6;

a lithium salt; and

a non-aqueous organic solvent.

2. The electrolyte of claim 1, wherein the compound rep-
resented by Formula 1 comprises at least one selected from
the group consisting of tris(trimethylsilyl) phosphite, tris(tri-
ethylsilyl) phosphite, tris(trimethylsilyl) borate, tris(triethyl-
silyl) borate, and mixtures thereof.

3. The electrolyte of claim 1, wherein the compound rep-
resented by Formula 1 is present in an amount of 0.01 to 10 wt
% based on the total weight of the electrolyte.

4. The electrolyte of claim 1, wherein the lithium salt
comprises at least one selected from the group consisting of
LiPFs, LiBF,, LiSbF,, LiAsF, LiClO,, LiCF;S80;,
LiC,F,SO;, LiN(CF,S0,),, LiN(C,F.S0,),, LiAlO,,
LiAICl,, LiN(C,F,,,,SO,)(CF,,,,SO,) where p and q are
natural numbers, LiSO;CF;, LiCl, Lil, and combinations
thereof.

5. The electrolyte of claim 1, wherein the lithium salt is
present at a concentration of 0.7 to 2M.

6. The electrolyte of claim 1, wherein the non-aqueous
organic solvent comprises at least one selected from the group
consisting of a carbonate-based solvent, an ester-based sol-
vent, an ether-based solvent, and a ketone-based solvent, and
mixtures thereof, and optionally an aromatic hydrocarbon-
based solvent.

7. The electrolyte of claim 1, wherein the non-aqueous
organic solvent comprises a carbonate-based solvent com-
prised of a mixture of a cyclic carbonate and a linear carbon-
ate in a volume ratio of 1:1 to 1:9.

8. The electrolyte of claim 7, wherein the cyclic carbonate
comprises at least one selected from the group consisting of
ethylene carbonate, propylene carbonate, butylene carbonate,
y-butyrolactone, and mixtures thereof, and the linear carbon-
ate comprises at least one selected from the group consisting
of dimethyl carbonate, diethyl carbonate, dipropyl carbonate,
methylpropyl carbonate, ethylpropyl carbonate, methylethyl
carbonate, and mixtures thereof.

9. The electrolyte of claim 7, wherein the non-aqueous
organic solvent comprises the carbonate-based solvent and
the aromatic hydrocarbon-based solvent.

10. The electrolyte of claim 9, wherein the carbonate-based
solvent and the aromatic hydrocarbon-based solvent are in a
volume ratio of 1:1 to 30:1.

11. The electrolyte of claim 9, wherein the aromatic hydro-
carbon-based solvent is represented by Formula 2:

@
Ry
R
Rg R;
R4
wherein R to R are independently selected from the group

consisting of hydrogen, a halogen, a C1 to C10 alkyl, a
haloalkyl, and combinations thereof.
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12. A rechargeable lithium battery, comprising

a positive electrode including a positive active material
capable of reversibly intercalating and deintercalating
lithium ions;

a negative electrode including a negative active material
capable of reversibly intercalating and deintercalating
lithium ions; and

an electrolyte comprising:

a compound represented by Formula 1:

A[OSI(C, Hopmr1)3]3 M

wherein A is P, and m is an integer ranging from 0 to
6;
a lithium salt; and
a non-aqueous organic solvent.

13. The rechargeable lithium battery of claim 12, wherein
the compound represented by Formula 1 comprises at least
one selected from the group consisting of tris(trimethylsilyl)
phosphite, tris(triethylsilyl) phosphite, tris(trimethylsilyl)
borate, tris(triethylsilyl) borate, and mixtures thereof.

14. The rechargeable lithium battery of claim 12, wherein
the compound represented by Formula 1 is present in an
amount of 0.01 to 10 wt % based on the total weight of the
electrolyte.

15. The rechargeable lithium battery of claim 12, wherein
the lithium salt comprises at least one selected from the group
consisting of LiPF,, LiBF,, LiSbF,, LiAsF, LiClO,,
LiCF;80;, LiC,F;SO;, LiN(CF580,),, LiN(C,FsS0,),,
LiAlO,, LiAlCl,, LiN(C,F,,,,SO,)CF,,,,SO,) where p
and q are natural numbers, LiSO,CF;, LiCl, Lil, and combi-
nations thereof.

16. The rechargeable lithium battery of claim 12, wherein
the lithium salt is present at a concentration of 0.7 to 2M.

17. The rechargeable lithium battery of claim 12, wherein
the non-aqueous organic solvent comprises at least one
selected from the group consisting of a carbonate-based sol-
vent, an ester-based solvent, an ether-based solvent, and a
ketone-based solvent, and mixtures thereof, and optionally an
aromatic hydrocarbon-based solvent.

18. The rechargeable lithium battery of claim 12, wherein
the non-aqueous organic solvent comprises a carbonate-
based solvent comprised of a mixture of a cyclic carbonate
and a linear carbonate in a volume ratio of 1:1 to 1:9.

19. The rechargeable lithium battery of claim 18, wherein
the cyclic carbonate comprises at least one selected from the
group consisting of ethylene carbonate, propylene carbonate,
butylene carbonate, y-butyrolactone, and mixtures thereof,
and the linear carbonate comprises at least one selected from
the group consisting of dimethyl carbonate, diethyl carbon-
ate, dipropyl carbonate, methylpropyl carbonate, ethylpropyl
carbonate, methylethyl carbonate, and mixtures thereof.

20. The rechargeable lithium battery of claim 18, wherein
the non-aqueous organic solvent comprises the carbonate-
based solvent and the aromatic hydrocarbon-based solvent.

21. The rechargeable lithium battery of claim 20, wherein
the carbonate-based solvent and the aromatic hydrocarbon-
based solvent are in a volume ratio of 1:1 to 30:1.

22. The rechargeable lithium battery of claim 20, wherein
the aromatic hydrocarbon-based solvent is represented by
Formula 2:
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@

Ry

Rs R

R4

wherein R to R are independently selected from the group
consisting of hydrogen, a halogen, a C1 to C10 alkyl, a
haloalkyl, and combinations thereof.

23. The rechargeable lithium battery of claim 12, wherein
the negative active material is at least one selected from the
group consisting of a carbonaceous material, a metal being
capable of alloying lithium, a composite of a metal and a
carbonaceous material, and mixtures thereof.

24. The rechargeable lithium battery of claim 12, wherein
the positive active material is selected from the group con-
sisting of compounds represented by Formulas 4 to 28:

LiA;BsD;
wherein, in Formula 4, 0.95=a=1.1 and 0=b=0.5;

Li.E1 48,0, F.

Q)

®
wherein, in Formula 5, 0.95=a=1.1, 0=b=0.5, and
0=c=0.05;

LiCo,50, F.

wherein, in Formula 6, 0=b=0.5 and 0=c=0.05;
LiMn, 0, F.

wherein, in Formula 7, 0=b=0.5, and 0=c=0.05;

Li,Ni, , .Co,B.D,

Q)

M

®)

wherein, in Formula 8, 0.95=a=1.1, 0=b=0.5,
0=c¢=0.05, and 0<a.=2;
Li Ni; 5, [CO,05 oF o ®
wherein, in Formula 9, 0.95=a=1.1, 0=b=0.5,

0=c¢=0.05, and 0<a<2;
LigNij 5., C0p05 oF> (10)

wherein, in Formula 10, 0.95=a=1.1, 0=b=0.5, and
0=c=0.05;

Li,Ni, , Mn,B.D,, an

wherein, in Formula 11, 0.95=a=1.1, 0=b=0.5,
0=c¢=0.05, and 0<a.=2;
LiNi, , Mn,0, F, (12)
wherein, in Formula 12, 0.95=a=1.1, 0=b=0.5,

0=c¢=0.05, and 0<a<2;
LiNi, , Mn,O, F, (13)

wherein, in Formula 13, 0.95=a=1.1, 0=b=0.5, and
0=c=0.05;
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Li,Ni,E G0, (14)
wherein, in Formula 14, 0.90=a=1.1, 0=b=0.9,
0=c¢=0.5, and 0.001=d=0.1;
Li,Ni,Co,Mn GO, (15)
wherein, in Formula 15, 0.90=a=1.1, 0=b=0.9,

0=c=0.5, 0=d=0.5, and 0.001=e=0.1;
Li,NiG,0, (16)
wherein, in Formula 16, 0.90=a=1.1 and 0.001=b=0.1;

Li,CoG;0,

wherein, in Formula 17, 0.90=a=1.1 and 0.001 =b=0.1;

a7

Li,MnG,0, (18)

wherein, in Formula 18, 0.90=a=1.1 and 0.001 =b=0.1;

Li,Mn,G,0, (19)
wherein, in Formula 19, 0.90=a=1.1 and 0.001=b=0.1;
HO,; (20)
HS,; @1
LiHS,; (22)
V,0s; (23)
LiV,0s; (24)
LilOy; (25)
LiNiVO,; (26)
Liz /5 (PO,); (0S£=3) (27); and
Li; Fe,(PO,); (0=£=2); (28)

wherein, in Formulas 4 to 28, A is selected from the group
consisting of Ni, Co, Mn, and combinations thereof, B is
selected from the group consisting of Al, Ni, Co, Mn, Cr,
Fe, Mg, Sr, V, a rare earth element, and combinations
thereof, D is selected from the group consisting of O, F,
S, P, and combinations thereof, E is selected from the
group consisting of Co, Mn, and combinations thereof, F
is selected from the group consisting of F, S, P, and
combinations thereof, G is selected from the group con-
sisting of Al, Cr, Mn, Fe, Mg, La, Ce, Sr, V, lanthanide
element, and combinations thereof, Q is selected from
the group consisting of Ti, Mo, Mn, and combinations
thereof, I is selected from the group consisting of Cr, V,
Fe, Sc, Y, and combinations thereof, and J is selected
from the group consisting of V, Cr, Mn, Co, Ni, Cu, and
combinations thereof.
25. The rechargeable lithium battery of claim 12, wherein
the rechargeable lithium battery is a lithium ion battery or a
lithium polymer battery.



